Introduction
Supernumerary teeth are those present in addition to the normal complement within the dentition and can occur singly or in multiples, unilaterally or bilaterally and within the maxilla or mandible. 1 Individual supernumerary teeth are more common in the permanent dentition where they demonstrate a clear predilection for the anterior and then posterior regions of the maxilla. 2 In contrast, multiple supernumerary teeth occur more commonly in the mandibular premolar region. 3 The eruption, orientation and morphological features associated with supernumerary teeth show wide variation. They may erupt normally or fail to erupt, have a normal or ectopic position, or develop an abnormal path of eruption. 4 Their shape and size may be consistent with the dentition in the region of jaw in which they are localised, or may bear little or no resemblance. The Supernumerary teeth are a common clinical and radiographic fi nding and may produce occlusal and dental problems. The aetiological basis of extra teeth is poorly understood in human populations; however, the mouse provides a useful model system to investigate the complex genetics of tooth development. This article describes recent advances in our understanding of the genetic basis of supernumerary teeth. We have reviewed biological evidence that provides insight into why supernumerary tooth formation may occur. Indeed, many of the molecular signalling pathways known to be involved in normal development of the tooth germ can also give rise to additional teeth if inappropriately regulated. These include components of the Hedgehog, FGF, Wnt, TNF and BMP families, which provide a useful resource of candidate genes that may potentially play a role in human supernumerary tooth formation.
polyposis. 10, 11 It is rare to fi nd multiple supernumeraries in individuals with no other associated disease or syndrome, although some individual cases have been reported. 3, 12, 13 In contrast to the permanent dentition, supernumeraries in the primary dentition are less common, having a prevalence ranging from 0.06-0.8% with no associated sexual dimorphism. This may be related to the fact that these teeth generally demonstrate normal morphology, eruption and alignment, and in a spaced primary dentition can go unreported.
Classifi cation
Supernumerary teeth are generally classifi ed according to morphology (Fig. 1) • Describes epidemiological features associated with human supernumerary teeth.
• Classifi es human supernumerary teeth according to morphology.
• Outlines molecular signalling pathways implicated in controlling tooth number in mouse models.
• Discusses the relevance of these molecules in relation to human supernumerary teeth occuring in isolation or as part of identifi ed syndromes. 4 They are often responsible for the impaction of permanent maxillary incisors. 2, 3 Supplemental teeth are duplications within the normal dentition, arising at the end of a tooth series. The most common supplemental tooth is the permanent maxillary lateral incisor, but supplemental premolars and molars can also occur. In the primary dentition, the majority of supernumerary teeth are supplemental and usually erupt. Finally, odontomes are hamartomatous malformations, which contain calcifi ed tissues of dental origin and may either be compound or complex in type. Compound odontomes are commonly found in the anterior maxilla and contain numerous discreet tooth-like structures. In contrast, complex odontomes are composed of a random assortment of poorly-formed dental tissues and most often located in the premolar and molar dentitions.
I N B R I E F

GENERAL
Management
The management of supernumerary teeth will depend upon the clinical presentation and should be considered in conjunction with any underlying malocclusion. No active treatment may be necessary if these teeth are grossly displaced and not affecting the occlusion, orthodontic treatment is not planned or there is an absence of any related pathology. Common indications for the removal of supernumerary teeth include delayed eruption or gross displacement of permanent teeth; the presence of pathology (cystic formation or resorption of adjacent teeth) or where eruption of the supernumerary has taken place and produced a malocclusion. Where supernumerary teeth have contributed to failure of eruption, removal may be performed in isolation or in conjunction with surgical exposure of the impacted tooth. If space is available in the arch, removal of the supernumerary alone may facilitate normal eruption of GENERAL is clearly an important genetic component. Supernumeraries run in families, demonstrate racial variation and display sexual dimorphism. 6 However, some of the most compelling evidence for a genetic basis is the fact that supernumerary teeth can also be a prominent feature of many developmental disorders.
Molecular mechanisms controlling early tooth development
Early tooth development is mediated in the embryo by a series of signals that take place between tooth-forming epithelium and neural crest-derived ectomesenchyme of the early jaws. 19 Initiation of tooth development is a key process in regulating tooth number, characterised by localised proliferation of the oral epithelium producing a dental lamina that invaginates into the underlying jaw mesenchyme to form a tooth bud. Once the tooth bud has formed, inductive potential for future tooth development switches to the underlying mesenchyme. [19] [20] [21] In humans, the deciduous dentition is formed de novo from a number of dental laminae, which arise from the primary epithelial band of the early oral cavity, from around six weeks of development. Successional incisors, canines and premolars of the permanent dentition develop as lingual extensions of these primary laminae between 20 weeks in utero and ten months of age. In contrast, the accessional permanent molar teeth form from a backward extension of the primary dental lamina between embryonic week 14 and fi ve years of age. 22 Most current knowledge regarding tooth development is based upon mouse embryogenesis. Unfortunately mice do not provide a perfect model for development of the human dentition as they only develop a single, highly-reduced and primary dentition during their lifetime, which lacks both premolars and canines. Instead, an edentulous region or diastema exists between the molars and incisors where very early rudimentary tooth buds are known to form in both the molar and incisor fi elds, but which quickly regress through programmed cell death. 23 However, the tight regulation of tooth initiation that occurs in these regions of the mouse jaw has provided useful insight into how tooth number is controlled at the molecular level. In particular, a growing number of mutant mouse lines have been described where diastema tooth development continues beyond the bud stage and additional teeth are able to form in this region.
Initiating tooth development
In the mouse embryo a number of very early signalling interactions between the oral epithelium and neural crest cells that have migrated into the early jaws are thought to establish pattern information along the developing dental axis. 24 A key feature during the initiation of murine tooth development is the localised and restricted expression of a signalling molecule called Sonic Hedgehog (Shh) in the earliest epithelial thickenings of the future teeth. At this stage, Shh acts as a mitogen essential for normal proliferation of the tooth bud as it invaginates; in the absence of normal Shh signal transduction during this time, tooth development arrests. 25, 26 Appropriate restriction of Shh activity along the axis of the developing jaws is therefore important to ensure the correct number of teeth form in the right positions. 26, 27 However, there is now evidence from a number of mouse mutants to suggest that inappropriate regulation of Shh activity might also play a key role in the formation of supernumerary teeth.
Once the early tooth bud has formed, continued and reiterative signalling between epithelium and mesenchyme allows further growth and morphogenesis, with progression of the bud stage tooth germ into cap and bell stages. 21 This process is controlled primarily by the primary enamel knot; a discreet, non-proliferating and transient signalling centre, which appears within the tooth germ epithelium at the cap stage and is intimately involved with regulation of tooth shape. The primary enamel knot expresses a number of signalling molecules and is essential for normal progression of tooth development. In vestigial teeth of the mouse diastema the primary enamel knot does not form because these putative buds rapidly disappear due to localised cell death. 23 In the developing molar dentition, multiple secondary enamel knots also form during the bell stage, following disappearance of the primary knot, and these structures fi ne-tune cuspal shape of the future crown. the impacted tooth. Retrospective analyses have suggested that up to 90% of impacted incisors will erupt following removal of the supernumerary within 18 months, with around 30% requiring orthodontic alignment. [15] [16] [17] However, spontaneous eruption is unlikely to occur if insuffi cient space exists in the dental arch, or the impacted tooth is signifi cantly displaced and in these cases, orthodontic treatment involving space creation and traction may be required. Moreover, tuberculate supernumeraries, odontomes and those seen in older patients with more advanced root development are also less likely to be associated with spontaneous tooth eruption following supernumerary removal 18 (Fig. 2) .
Why do supernumerary teeth form?
The aetiological basis of supernumerary teeth is poorly understood; however, there 
GENERAL Hedgehog signalling
Hedgehog signal transduction through Shh is clearly important during normal tooth initiation; however, there is evidence to suggest that this pathway can also infl uence tooth number. Hedgehog signals are mediated in responding cells by primary cilia, specialised single organelles that project from the surface of all eukaryotic cells. Mutations in a number of genes, including the ciliary protein IFT88/ Polaris, which encode essential functional components of primary cilia can lead to changes in Hedgehog signal activity and supernumerary teeth in mice. 28 Mice carrying an allele of IFT88/Polaris encoding a protein with only partial function have supernumerary teeth resembling premolars in the diastema region of both jaws, which are specifi c to a loss of Polaris and increased range of Hedgehog signal within the dental mesenchyme. 29 Further evidence that upregulation of Shh activity in the diastema mesenchyme can produce ectopic tooth formation is found in mice mutant for another molecule called Gas1, which encodes a Shh proteinantagonist in this region. 27 Gas1 mutants also have ectopic diastema teeth in both the mandible and maxilla, which resemble premolars (Fig. 3) and are accompanied by increased Shh signal activity within this region. 29 Another link between Hedgehog signal transduction and the presence of additional teeth has been provided by Runx2 mutant mice. In humans, cleidocranial dysplasia is an autosomal dominant condition characterised by defective bone ossifi cation in combination with severe dental anomalies, which include multiple supernumerary teeth (Fig. 4) . Cleidocranial dysplasia occurs as a result of mutation in the Runt-related transcription factor RUNX2, which is essential for the normal differentiation of bone-forming osteoblasts. 30, 31 In the mouse, Runx2 is expressed in the mesenchymal compartment of the tooth and a complete loss of function is associated with arrested tooth development; 32 however, in the heterozygous mutant, which models the human genotype, rudimentary supernumerary tooth formation takes place lingual to the fi rst molar tooth germs. The mechanism underlying this is not fully understood but in the lower molars at least, Runx2 transcription in the mesenchyme is able to repress Shh signalling in the epithelium. 33 Thus, in the absence of adequate suppression of Hedgehog transduction in these mice, additional teeth are able to initiate in these regions.
Fibroblast growth factor signalling
The Fibroblast Growth Factor (FGF) family of secreted signalling molecules have been known to be important candidates for regulating growth and morphogenesis of the tooth germ for some time. Fgf4 and Fgf9 in the primary enamel knot epithelium can induce proliferation of both dental epithelium and mesenchyme, whereas Fgf3 and Fgf10 in the underlying mesenchyme only stimulate cell division in dental epithelium. 34, 35 Importantly, there is also evidence that signalling from Fgf3 and Fgf10 in mesenchyme of the tooth bud is also required for Shh expression in the primary enamel knot epithelium. 36, 37 Sprouty (Spry) genes encode a small group of intracellular FGF antagonists which are produced in response to FGF signalling and therefore modulate transduction in target cells. 38 Among these genes, Spry2 and Spry4 are expressed in epithelium and mesenchyme of the developing tooth, respectively, and a loss-offunction associated with either gene results in the formation of extra teeth within the diastema region of the mouse dentition, predominantly affecting the mandible. 39 These teeth form following the survival and further development of the early diastema tooth buds, which normally disappear. An absence of Spry2 function in the early diastema bud epithelium sensitises this region to FGF signalling from the underlying mesenchyme, which results in continued Shh expression in the enamel knot and progression of tooth development. Another There is retention of the primary dentition, delayed eruption of the secondary dentition and the presence of multiple supernumerary teeth (arrowed) GENERAL tissues and the EDA signalling pathway plays a key role in this process. Crucially, the levels of EDA signalling seem to be important in determining tooth number. Overexpression of the Eda-A1 splice variant 44 or Edar 45 in the oral epithelium of transgenic mice produces supernumerary premolar-like teeth mesial to the fi rst molars. These signals from the epithelium are therefore important for the initiation of tooth development and while a lack of EDA signalling results in hypodontia, too much EDA can produce the opposite phenotype of supernumerary teeth.
WNT signalling
WNT proteins form a large family of secreted ligands that can activate a number of intracellular signalling pathways. Among these, canonical signalling through stabilisation of β-catenin and activation of the Lef1 transcription factor is an important determinant of normal tooth development. Lef1 itself is essential for tooth development to progress beyond the bud stage and inhibition of WNT signalling arrests odontogenesis. 46 However, there are now a number of lines of evidence to suggest that normal regulation of this pathway is also an important determinant of tooth number. Overexpression of Lef1 in the oral epithelium of transgenic mice produces multiple invaginations in the toothforming regions. 47 Moreover, mice lacking the function of Epiprofi n, a transcription factor highly expressed in the epithelial component of the tooth germ have multiple supernumerary incisor and molar teeth. 48, 49 The formation of these supernumeraries appears to take place after initiation during the bud stage of development, with multiple branched invaginations forming at sites within the primary tooth buds. Signifi cantly, these invaginations are associated with upregulated and extended Lef1 expression within the mesenchymal component of these tooth germs. 48, 49 Lef1 lies directly downstream of β-catenin, which forms the central component of a cell adhesion complex essential for canonical WNT signalling within the cell. Transgenic mice expressing a stabilised form of β-catenin throughout the oral epithelium demonstrate multiple odontomalike supernumerary teeth, with the tooth buds that give rise to these teeth undergoing a process of continuous renewal 50 and being able to regulate numerous mediators of tooth development. 51 In addition, there is also a fi rm link between unregulated WNT signalling and hyperdontia in human populations. Familial adenomatous polyposis is an autosomal dominant disorder characterised by multiple adenomatous polyps of the colon and rectum, which can progress to colorectal carcinoma if not surgically removed. Multiple supernumerary teeth, odontomas and tooth impactions also affect a proportion of these patients 10, 11 and the causative APC tumoursuppressor gene 52, 53 is a known inhibitor of WNT signalling. 54 
Bone Morphogenetic Protein signalling
The Bone Morphogenetic Protein (BMP) family comprises a large group of proteins and among these, Bmp4 is essential for normal tooth development. Bmp4 is required to induce a number of target genes in dental mesenchyme including Msx1, and breakdown in these inductive interactions arrests tooth development at the bud stage. [55] [56] [57] Ectodin is a secreted Bmp-antagonist widely expressed in the developing tooth germ but noticeably absent from the enamel knots. Mice lacking functional Ectodin have a number of anomalies associated with the mandibular molar dentition, including the presence of a supernumerary molar tooth. Signifi cantly, these mice also have additional incisors in the mandible, [58] [59] [60] seemingly present due to a failure, in part at least, of normal Ectodin-mediated inhibition from adjacent mesenchyme. 58 Interestingly, Ectodin also has the ability to inhibit WNT signalling and it is likely that correct modulation of this pathway in dental mesencyhme is also an important determinant of tooth number.
Conclusions
Supernumerary teeth represent one of the commonest developmental anomalies seen in man and while there is clearly a genetic component to their aetiology, little information currently exists on the basis of this condition in human populations. However, having been used for a number of years to study the molecular mechanisms underlying normal tooth development, the mouse is now providing information on how tooth number might important signalling molecule expressed in the enamel knot is Fgf4, which signals to the underlying mesenchyme. There is good evidence that Spry4 expression in the diastema bud mesenchyme is responsible for repressing the response to FGF signalling in this region and in its absence, supernumerary teeth also form. However, in the case of Spry4, penetrance of this phenotype is signifi cantly reduced when compared to Spry2, and for both genes the effects are restricted to the mandibular dentition. 39 Nonetheless, these studies have demonstrated that modulation of molecular signalling pathways in different compartments of the tooth germ can lead to a rescue of tooth development in the mouse diastema region, preventing the large scale apoptosis that takes place in this region and allowing continued proliferation within the tooth bud to form a functional cap stage tooth germ. 40 
Tumour Necrosis Factor pathway
The ectodermal dysplasias represent a group of conditions characterised predominantly by defective teeth, hair and sweat glands. Hypohidrotic or anhidrotic forms are the most common and among these, X-linked recessive hypohidrotic ectodermal dysplasia (XLHED; OMIM 305100) is seen most frequently. 41 Affected males have severe hypodontia and microdontia, alopecia and hypoplastic or aplastic sweat glands. These hypohidrotic forms are caused by disruption to Ectodysplasin (EDA) signalling, which forms one component of the Tumour Necrosis Factor (TNF) pathway and is active in organs that develop via signalling between epithelium and mesenchyme. 42 In humans, XLHED is caused by mutation in the gene encoding the EDA ligand (EDA1) (Xq12-13.1), 41 while mutation in the EDA-receptor can cause both autosomal dominant and recessive forms. 43 A number of naturally occurring, spontaneous mouse mutants very accurately replicate the features of human hypohidrotic ED; having absent or abnormally shaped teeth, a lack of sweat glands and regional alopecia.
Although teeth, hair and sweat glands would at fi rst glance appear to be a very diverse group of structures, their embryonic origins are surprisingly similar. All these appendages develop from interactions between epithelial and mesenchymal GENERAL be regulated during embryogenesis. It is clear that signalling from both epithelial and mesenchymal tissues is important and that normal regulation of these processes differs, both between the jaws themselves and different tooth fi elds. While the mouse dentition has lost the ability to replace teeth and undergone a reduction in tooth number during evolution, a capacity does exist in certain mutant backgrounds for these vestigial tooth rudiments to survive and form teeth.
